Abstract Monocytes are mononuclear circulating phagocytes that originate in the bone marrow and give rise to macrophages in peripheral tissue. For decades, our understanding of monocyte lineage was bound to a stepwise model that favored an inverse relationship between cellular proliferation and differentiation. Sophisticated molecular and surgical cell tracking tools have transformed our thinking about monocyte topo-ontogeny and function. Here, we discuss how recent studies focusing on progenitor proliferation and differentiation, monocyte mobilization and recruitment, and macrophage differentiation and proliferation are reshaping knowledge of monocyte lineage in steady state and disease.
Introduction
For years, monocytes were viewed simply as transitional cells, fated to give rise to either macrophages or dendritic cells depending on tissue context. With the discovery of functionally heterogeneous monocyte subsets in several species, it is clear that monocyte participation in the immune response extends beyond differentiation. Several populations of increasingly restricted myeloid and monocyte progenitors have been identified in the bone marrow. Adding to the complexity, recent evidence points to embryonic, rather than hematopoietic, origins for macrophages in many tissues. This finding has led to the realization that macrophage renewal often relies on local proliferation rather than monocyte recruitment. Our own research demonstrates that monocyte-derived macrophages also self-renew via mechanisms that are distinct from those facilitating monocyte generation and recruitment. Here, we discuss the latest contributions to our understanding of monocyte-macrophage lineage commitment in homeostasis and during inflammation. We will focus on the monocyte-macrophage lineage in cardiovascular disease, the major cause of death worldwide [1] but will also draw from other literature to provide broader context. A graphical representation of our discussion is found in Fig. 1 .
Progenitor proliferation and differentiation
In the healthy adult, monocytes arise through the proliferation and differentiation of hematopoietic stem and progenitor cells (HSPC) in the bone marrow. The sequential differentiation that links the multipotent, self-renewing hematopoietic stem cell (HSC) to the "terminally-differentiated" and "nonrenewing" monocyte involves a series of distinct intermediate populations that can be characterized phenotypically by the expression of multiple surface markers such as Sca-1, IL7Rα, c-Kit, the SLAM family markers (CD150, CD229, CD48, CD244), CD34, CD16/32, CD115, and CD135, among others. In general, as HSPC progress through multipotent hematopoietic progenitors (MPP), common myeloid progenitors (CMP), granulocyte and macrophage progenitors (GMP), macrophage and dendritic cell progenitors (MDP), and common monocyte progenitors (cMoP)-in short, as they become more restricted toward the monocyte lineage-they lose self-renewing capacity and multipotency [2] [3] [4] [5] . A recent study challenged this stepwise model, however, by identifying myeloid-restricted progenitors with long-term repopulating activity (MyRP) within the HSC compartment. Using singlecell transplantation systems, the authors show that HSC can differentiate directly into MyRP via asymmetric division. The event bypasses HSC's progression through specific differentiation stages while retaining their self-renewing capacity [6] . Identifying the MyRP not only highlights an elegant nuance in the hematopoietic system's plasticity, reorienting its structure from hierarchical to networked, but also provides a molecular rationale for the rapid generation of myeloid cells in response to inflammatory stimuli.
Lineage commitment occurs under tight transcriptional control. Among the transcription factors that shape hematopoiesis, PU.1 is the master regulator of myeloid and lymphoid differentiation. PU.1 -/-mice either lack or have significantly reduced numbers of B and T cells, monocytes, neutrophils and macrophages [7, 8] , and PU.1-deficient HSC are defective in generating CMP and CLP but not MEP. The transcription factor is important throughout the myeloid differentiation cascade because targeted deletion of PU.1 in the downstream progenitors CMP/GMP impairs the appearance of mature CD11b + cells [9] . Transcription factors other than PU.1 also contribute, and decisions between particular lineages require transcription factor co-operation. Among the most important factors that promote monocyte production are C/EBPα, which facilitates the CMP to GMP transition [10] ; interferon regulatory factor 8 (IRF8), which interacts with PU.1 to favor monocyte/macrophage over granulocyte differentiation [11, 12] ; Krüppel-like factor 4 (KLF4), which is essential to the generation of inflammatory Ly-6C high monocytes [13, 14] ; and the orphan nuclear hormone receptor NR4A1/Nur77 which generates Ly6C low monocytes [15, 16] . If transcription factors guide HSPC proliferation and differentiation intrinsically, then growth factors are the environmental, or extrinsic, instructors [17, 18] . For example, M-CSF, GM-CSF, G-CSF, and IL-3 are four growth factors that promote granulocyte/macrophage differentiation. M-CSF is most important to monocyte production in the steady state because M-CSF (or its receptor) deficiency causes a near-absence of monocytes, and because MDP, the committed monocyte precursors, are defined by surface M-CSF receptor (CD115) expression. In accordance with the idea that hematopoiesis bypasses stepwise differentiation, recent studies have shown Fig. 1 The topo-ontogenic relationships in the monocyte lineage. The figure shows the development of monocytes in the bone marrow and extramedullary sites from hematopoietic precursors, their circulation in the blood, and differentiation and proliferation in tissue that M-CSF is systemically elevated during inflammation and induces PU.1 in HSC, leading to myeloid cell differentiation [19] .
Unlike M-CSF, the β-chain growth factors, including GM-CSF and IL-3, are dispensable to monocyte production because their deficiency has little to no effect on circulating monocyte numbers in the steady state. That said, GM-CSF and IL-3 are important to inflammation-borne emergency myeloid cell production [20] in either the bone marrow or, as will be discussed below, extramedullary sites. That monocyte production utilizes different growth factors during inflammation raises questions about whether and how emergency and steady state hematopoiesis differ. The panoply of cytokines, chemokines, toll-like receptor ligands, and other mediators that are undetectable in the steady state but dominate during inflammation may profoundly affect hematopoiesis at virtually every stage. HSPC can expand in the context of some, but not all bacterial, viral and fungal infections [21] , but expansion may be accompanied by reduced differentiation capacity [22] . Depending on the context, interferon (IFN) α and γ can stimulate HSC proliferation but can also exhaust cells' repopulation capacities. Likewise, TLRs, which are expressed on HSPC, stimulate proliferation but decrease repopulation capacity and induce myeloid skewing [23] . These examples highlight the importance of examining hematopoiesis not as a singular immutable process but rather as a highly adaptable series of context-dependent interactions.
Homeostasis of HSC and restricted progenitors is further regulated by neighboring cells that form the stem cell niche. HSC are heterogenous in terms of cycling frequency and location in the bone marrow niche. More quiescent HSC found in the endosteal bone marrow niche relocate to perivascular niches when activated [2, 24, 25] . Niches comprise different cell types such as osteoblasts, fibroblasts, macrophages, endothelial cells, and perivascular stromal and mesenchymal stem cells with distinct and complementary functions. Stromal cell derived factor-1 (SDF1/CXCL12), for example, is produced by osteoblasts, endothelial cells, and different perivascular stromal cells; deletion of the CXCL12 receptor CXCR4 in the adult mouse depletes HSC in the bone marrow [26] . The effects of deleting CXCL12 depend on the cell source. Targeted deletion of CXCL12 from nestinnegative mesenchymal progenitor cells decreases the frequency, quiescence, and repopulation capacity of HSC; deletion from endothelial cells has only modest effects; deletion from osteoblasts primarily affects CLP maintenance; and deletion from osteoprogenitors, perivascular reticular, and sinusoidal stromal cells induces HSPC mobilization into the blood and spleen [27, 28] . Additionally, HSC are maintained in the bone marrow niche by stem cell factor (SCF), adhesion molecules, nestin-positive mesenchymal stem cells, and sialoadhesin (also known as siglec-1 or CD169)-expressing macrophages [29] [30] [31] [32] . The effects of multiple other niche factors on the maintenance, retention, and differentiation of HSPC is under intense investigation.
Like the neighboring cells that constitute the bone marrow niche, the nervous system is an important contributor to HSPC retention and mobilization. In the steady state, for example, the central circadian clock promotes HSPC mobilization via β3-adrenergic receptor signaling and CXCL12 downregulation [33] [34] [35] . In pathological conditions such as atherosclerosis [36], myocardial infarction [37] , and cancer [38] , HSPC mobilization increases acutely and progressively. Although the mechanisms that promote HSPC mobilization during pathology are incompletely understood, HSPC release after MI involves β3-adrenergic receptor signaling and CXCL12 downregulation [39] , suggesting that other nervous system stimuli-perhaps related to stress or pain [40]-converge on this pathway. Aside from its granulopoietic functions, G-CSF is perhaps best known for its capacity to promote HSPC mobilization. Recent work has shown that peripheral sympathetic nerve neurons, which express the G-CSF receptor, increase norepinephrine availability in response to G-CSF [41] . Taken together, these studies establish the bone marrow as the principal site of monocyte production and the medullary niche in particular as the primary controller of monocyte progenitor proliferation, differentiation, retention, and mobilization. In the next section, we detail the mechanisms of monocyte mobilization and the consequences of both monocyte and HSPC mobilization.
Monocyte mobilization and recruitment
Niche reconstruction, HSPC quality control, and immunosurveillance have been proposed as the major drivers of HSPC mobilization [42] [43] [44] . HSPC depart their niches, the argument goes, to facilitate niche maintenance and growth. The process, which may involve reciprocal anabolic and catabolic functions of the various cellular and acellular niche constituents, requires that HSPC temporarily depart their home. Selecting for the most fit HSPC is a collateral advantage of niche maintenance, and, in turn, competitively finding the "best" bone marrow niche will presumably select only the most fit HSPC. After all, HSPC are required to repopulate the entire leukocyte repertoire; they are essential to life, so it makes sense that the organism would have methods for selecting optimal HSPC. Circulating HSPC-that is, mobilized HSPC-may also participate in immunosurveillance by surveying tissue and giving rise to their progeny if necessary.
Like niche and HSPC selection and immunosurveillance, extramedullary hematopoiesis is driven by HSPC mobilization. Studies have shown that mobilized HSPC instigate extramedullary hematopoiesis in chronic diseases, such as atherosclerosis and cancer, and in acute inflammatory conditions, such as myocardial infarction [36] [37] [38] [39] . In other words, increased HSPC mobilization during disease seeds secondary lymphoid organs such as the spleen. It is unclear to what extent establishing extramedullary hematopoiesis depends on increased mobilization versus HSPC retention in extramedullary sites, though evidence points to both processes playing a role. In atherosclerosis, lipid-laden splenic macrophages secrete IL-23 that, via IL-17 production, generates G-CSF, a known liberating factor [45] . Once liberated, HSPC may be retained in extramedullary sites such as the spleen via angiotensin-II-dependent control of S1P signaling [46] . The seeded cells can then respond to growth factors such as GM-CSF and IL-3 [36] and inflammatory cytokines such as IL-1β
[37], which may directly or indirectly guide HSPC proliferation and differentiation into progeny. The growth factors' cellular sources and corresponding molecular triggers may involve the recently identified innate response activator B cell [47] . Additional research is needed to better understand the cellular and molecular components that constitute the extramedullary niche.
Extramedullary niches in atherosclerosis, cancer, and after myocardial infarction preferentially generate myeloid cells (particularly Ly-6C high monocytes and neutrophils) largely to the exclusion of other leukocytes, despite the plethora of upstream progenitors that can be readily identified in extramedullary sites. The reasons for this myeloid bias, which increases with age in the bone marrow [48] , are not entirely clear but may be related to either the dominance of myeloidgenerating growth factors (GM-CSF) in extramedullary sites or the preferential expansion of a specific HSPC subset that can withstand the harsh extramedullary environment and escape phagocytosis by red pulp macrophages and Kuppfer cells. Regardless of how extramedullary hematopoiesis is established, it may occur during inflammation because the bone marrow outsources production of highly inflammatory and proteolytic cells to distance them from the bone marrow in order to preserve its homeostatic role as the housekeeping leukocyte production site. Given the sites where extramedullary hematopoiesis can occur (spleen, liver), experimental verification of this hypothesis is challenging. However, that myeloid cells produced in extramedullary sites do exit, circulate, and accumulate in diseased or injured tissue counters the argument that extramedullary hematopoiesis is a collateral artifact of HSPC mobilization.
Extramedullary monocytopoiesis notwithstanding, the bone marrow remains the primary monocyte-producing location. Mobilizing monocytes to exit the bone marrow depends on the chemokine receptor CCR2 and the corresponding ligands MCP-1 and MCP-3, which are produced by mesenchymal stem cells and released in the vicinity of the lumen [49] [50] [51] [52] [53] or, in some contexts, by B cells in the periphery [54] . Monocyte release into the blood does not occur at a constant rate, even in the steady state, but is controlled in part by circadian rhythms [35, 55, 56] . A recent study has shown that peripheral circadian clocks are expressed in monocytes and control their cyclical fluctuations in the blood [57] . Bmal1, which is one of the molecular clock's core transcription factors, fluctuates in Ly-6C high monocytes and their descendant macrophages. As Bmal1 expression rises, the number of circulating Ly-6C high monocytes decreases, possibly because Bmal1 represses MCP-1 expression in macrophages, thus attenuating monocyte mobilization from the bone marrow.
Steady state mouse blood contains a nearly equal mixture of two monocyte subsets that differ in many ways but are defined most often by differential expression of the surface glycoprotein Ly-6C (reviewed and discussed in [4, [58] [59] [60] [61] [62] ). The blood contains Ly-6C high monocytes (Ly-6C is sometimes called Gr-1, but the two are not interchangeable because Gr-1 also recognizes the neutrophil marker Ly-6G) which are also CCR2 high ; and Ly-6C low monocytes, which do not express CCR2 but do express high levels of the fractalkine receptor CX3CR1. Ly-6C high monocytes are short lived, circulate through tissue where they participate in antigen transport [63] , convert to Ly-6C low monocytes [64, 65] , accumulate in inflammatory sites, and differentiate to macrophages or dendritic cells. Ly-6C low monocytes are Ly-6C high -derived, circulate for longer periods, and patrol the vasculature [66] . Accumulating evidence indicates that Ly-6C low monocytes do not differentiate to macrophages but remain in the circulation where they participate in endothelial cell disposal [67, 68] .
During inflammation, as the bone marrow mobilizes a large number of Ly-6C high monocytes and extramedullary sites release their reservoirs of Ly-6C high monocytes, Ly-6C high monocytosis frequently ensues [69] [70] [71] . Consequently, the blood accrues a large number of inflammatory cells that can infiltrate inflammatory tissue. Implicit in this observation is the idea that increased numbers of circulating inflammatory cells correspond to increased numbers of accumulating cells in affected tissue. This raises the possibility that blocking heightened monocyte production in the bone marrow and spleen will attenuate disease and suggests that monocyte numbers should be considered potential biomarkers. In support of the latter point, clinical studies have consistently implicated leukocytosis as an independent risk factor for cardiovascular disease, although neutrophils, rather than monocytes, are more consistently associated (reviewed in [59, 72] ). One caveat worth mentioning as caution against linear correspondence between blood and tissue monocytes concerns the vast literature on adhesion, integrin, and chemokine-dependent cell accumulation [73] . In atherosclerosis, endothelial cells produce surface and secreted factors that attract monocytes; monocytes penetrate the growing lesion or wound because they are permitted to do so, not necessarily because more of them circulate. While this does not negate the contribution of monocytosis-if the endothelium expresses the requisite compendium of factors that permit monocytes to enter, then heightened monocyte concentration in the circulation may stochastically augment entrance-the fact that certain chemokine axes are essential to generating macrophage-rich atherosclerotic lesions highlights the importance of monocyte entry.
In recent years, increased interest in monocyte heterogeneity has led to more focus on chemokines' role in promoting influx of specific monocyte subsets. Although Ly-6C high monocytes express CCR2 at high levels and preferentially accumulate in atherosclerotic lesions [69, 70] , other chemokines also participate. Complete blockade of CCR2, CCR5, and CX3CR1, for example, can almost abolish atherosclerosis [74] [75] [76] , although CCR1 and CCR5, but not CCR2 or CX3CR1, have also been suggested as crucial chemokines that drive monocyte recruitment [77] . The precise contributions of specific chemokine receptors may require additional work to reach consensus. Variables such as animal model, diet, stage of disease, and location in the aorta may significantly impact monocyte recruitment. Nonetheless, there is general agreement that monocytes do migrate to atherosclerotic lesions and may be doing so continuously throughout the development, progression, and perhaps even regression of atherosclerosis [78] [79] [80] [81] [82] [83] [84] [85] . What happens to them afterwards is the topic of the next section.
Macrophage differentiation and proliferation
In 1968, Ralph van Furth and Zanvil Cohn proposed that bone marrow progenitors give rise to circulating monocytes, which then differentiate to tissue macrophages [86] . The suggestion that not all tissue macrophages are monocyte-derived dates back to at least 1984 [87] , but only recently have state-of-theart lineage tracing technologies dramatically transformed our understanding of monocyte-macrophage topo-ontogenic (those dealing with tissue location and cellular origin) relationships. In many tissues, resident macrophages originate prenatally and independently of c-myb, hematopoietic stem cells, and their progeny [88] . Microglia in the brain, for example, derive from primitive yolk sac macrophages that arise prior to the establishment of definitive hematopoiesis [89] . Similarly, Langerhans cells derive from embryonic epidermal progenitors of the fetal liver and yolk sac [90] . Several studies have now confirmed the presence of prenatal tissue resident macrophage populations in the lung, peritoneum, liver, pancreas, kidney, and spleen that renew in adulthood independent of circulating monocytes [4, 65, 91] . Less clear, however, is the function of these monocyte-independent tissue macrophages, though it likely aligns with host tissue function [92] : adipose tissue macrophages control adaptive thermogenesis, for example, which is a well-known property of fat [93] .
If monocytes continuously replenish tissue macrophages, as in the 1968 model, then macrophages may not need to selfrenew. On the other hand, if macrophages arise independently of monocytes, they must do so either through self-renewal or through the proliferation of local progenitors. Although the existence of local tissue progenitors has been demonstrated [94] , it is difficult to discern between circulating mobilized progenitors that can generate extramedullary hematopoiesis during inflammation and truly local progenitors that are independent of the bone marrow. Without detailed molecular and fate mapping studies, we cannot rule out the possibility that those few colony forming units are the result of blood contamination or transient HSPC accumulation. Although bone marrow-independent, long-term repopulating tissue macrophage progenitors may indeed exist, recent data favor the idea that mature macrophages-as macrophages-proliferate. Microglia in the brain, epidermal Langerhans cells (LC), pleural macrophages, and resident lung macrophages maintain their monocyte-independent numbers through local proliferation [65, [89] [90] [91] 95] .
These convincing observations present several important questions that merit further discussion. First, it is not clear how many times a single mature macrophage can successfully navigate the entire mitotic cycle. One possibility is that a macrophage proliferates no more than a few times, perhaps two or three, before succumbing to apoptosis. It may be that any macrophage has an equal chance to proliferate. Alternatively, small populations of multi-proliferative macrophages, akin to tissue progenitors, may be particularly adept at repopulating the tissue macrophage pool. Because current CFU protocols can only generate a few colonies from nonlymphoid steady state tissue, this latter scenario is less likely. That said, it is possible that the conditions for growing tissue macrophage progenitors in vitro are not yet optimal.
Another question is whether the molecular mechanisms that orchestrate tissue macrophage renewal converge on similar pathways or whether they are tissue-specific and molecularly divergent. Whereas repopulating tissue resident lung macrophages relies on M-CSF-and GM-CSF and is independent of IL-4 [91] , replenishing macrophages during intestinal inflammation not only depends on IL-4 but may be independent of M-CSF under some conditions [96] . This apparent discrepancy may reflect differences that arise in inflammation; nevertheless, it suggests more than one route to macrophage proliferation.
Even if macrophages that can be replenished by monocytes do not need to self-renew locally, they may still do so. During the development of atherosclerosis, monocytes infiltrate the endothelium at sites of low and oscillatory shear stress and settle in the intima. Upon infiltration, monocytes can differentiate to macrophages, ingest lipoproteins, and develop into foam cells, which are major contributors to the bulk of the atherosclerotic lesion and primary culprits of the disease's complications (reviewed in [59, 61] ). Though macrophage proliferation in human, rabbit, and murine atherosclerotic lesions was identified some time ago [97] [98] [99] [100] [101] [102] [103] [104] the phenomenon has been frequently ignored or overlooked, especially in recent years, likely because its importance to atherosclerotic development has been obscured by a number of factors. First, established atherosclerotic lesions, regardless of species, contain only a small fraction of cells in cell cycle (∼1-2 %), which may lead to the perception that proliferation is rare. Cell cycle analysis, however, involves markers such as PCNA or Ki67, that are expressed during specific phases of mitosis. If the lesion is relatively inactive, harboring longlived macrophages, then a few Ki67 cells are likely insignificant to the overall pathology. If a lesion is a highly bustling hub of cellular turnover, on the other hand, then a few proliferating cells identified at any one point in time may be the tip of the iceberg: perhaps cells are continuously cycling through mitosis. As a point of comparison, the percentage of cells in mitosis in many tumors, which are known to be sites of intense cellular proliferation, is also ∼2 % [105] . The cells' phenotype and ontogeny are a second factor fueling the uncertainty about the importance of macrophage proliferation in atherosclerotic lesions. In the 1990s, phenotypic analysis was much more limited, and it was not possible to determine whether a Ki-67 + cell was indeed a mature macrophage. Moreover, experimental approaches using BrdU incorporation to track proliferation could not discriminate between current (that is, local) or prior proliferation. More recently, sophisticated phenotypic protocols and surgical approaches, such as parabiosis, have provided the tools to address these issues. Third, the many studies on monocytes' essential role in the development of atherosclerosis might have overshadowed macrophage proliferation as an important mechanism. Consequently, the study of macrophage proliferation in atherosclerosis fell to the wayside.
We have recently taken up the challenge of elucidating the relative importance of monocyte influx and macrophage proliferation in atherosclerosis [106] . By combining approaches such as parabiosis, sustained BrdU delivery in osmotic pumps, clodronate-based depletion of circulating monocytes, irradiation and generation of mixed chimeras, among others, we concluded that macrophage turnover in established lesions is rapid and largely dependent on local macrophage proliferation. Monocyte-derived macrophages enter mitosis because they recognize components of the lesional environment, possibly modified lipoproteins [107] [108] [109] [110] . This insight distinguishes lesional macrophage proliferation from HSPC proliferation during hyperlipidemia. HSPC proliferate in mice that lack APOE, ABCA1, or ABCG1 because the defect in reverse cholesterol transport forms lipid rafts and promotes common β chain surface expression, thus rendering the cells susceptible to GM-CSF and IL-3-driven proliferation [111, 112] . In contrast, lesional macrophage proliferation is independent of the common β chain and can occur even in ApoE-expressing cells. This observation about lesional macrophage proliferation also contrasts with dendritic cell proliferation in the nascent aorta, which, like HSPC proliferation, relies on the common β chain [113] . Instead, intimal macrophage selfrenewal in established atherosclerosis depends in part on the type 1 scavenger receptor class A (Msr1). We demonstrated this by generating mixed chimeric mice and evaluating proliferation rates of wild type and Msr1-deficient macrophages in the same animal. Msr1
-/-macrophages proliferated less frequently than wild type (Msr1 +/+ ) macrophages. In support o f t h i s , M s r 1 -m e d i a t e d i n t e r n a l i z a t i o n o f lysophosphatidylcholine, a phospholipid component of ox-LDL, induces proliferation in peritoneal macrophages in vitro [114] .
The importance of Msr1 to atherosclerosis has been controversial. Although Msr1, which is expressed on lesional macrophages, recognizes and internalizes oxidized lipoproteins [115] [116] [117] [118] , its deletion or overexpression have yielded conflicting results that led to conclusions that Msr1 augments lesion size [119, 120] , attenuates lesion size [121] , or has no effect on lesion size [122] [123] [124] . If the current body of evidence using mice backcrossed at least 10 generations to the C57BL/6 strain is consistent with the hypothesis that Msr1 does not contribute to lesion size, and if Msr1 contributes to frequent macrophage proliferation-then what is the consequence of macrophage proliferation? The simple answer may be that macrophage proliferation increases the number of pathogenic cells. Proliferating cells may be more inflammatory and more susceptible to apoptosis, thus contributing not only to lesion bulk but to lesional vulnerability, a function that has been attributed to Msr-1 [125] . By this thinking, macrophage proliferation is harmful and should be targeted therapeutically. Yet macrophage proliferation can also be conceptualized as atheroprotective: macrophages, overwhelmed by the high lipid content in their environment, might escape apoptosis by shuttling ingested cholesterol to the plasma membrane where it is needed during cell division. It is also possible that Msr1-dependent lipid internalization and cell proliferation foster a less, rather than more, inflammatory cell phenotype, which would be consistent with studies showing a negative correlation between foam cell formation and inflammation [126] . Msr1 may be involved in many processes, but its contributions to cellular proliferation and effects on lesion growth and stability remain to be determined.
Like the consequences of proliferation, the mechanism by which Msr1 promotes macrophage proliferation remains a puzzle. Does Msr1 stimulate proliferation directly via an intracellular signaling cascade [127, 128] or indirectly by facilitating ligand internalization [117, 129] ? What are the natural ligands? Do other growth factors and scavenger receptors contribute [130] ? For example, CD36, a class B scavenger receptor implicated in the development of necrotic lesions in advanced atherosclerosis, is an archetypal patternrecognition receptor uniquely positioned, together with TLR4 and TLR6, to prime and activate the NLRP3 inflammasome [131] . While CD36 promotes vascular smooth muscle cell proliferation and neointimal hyperplasia, its role in regulating macrophage proliferation requires more study.
Additional questions that need to be addressed are whether, and if so how, macrophage proliferation influences cell function. Macrophages are frequently grouped according to the 'M1-M2' paradigm. According to the concept, macrophages undergo either classical M1 or alternative M2 activation, but other types of activation have been described [132] [133] [134] [135] [136] [137] . M1 macrophages are activated by microbial components such as lipopolysaccharide (LPS) or IFNγ and express increased levels of inflammatory cytokines, and reactive nitrogen and oxygen intermediates. M2 macrophages are associated with resolution of inflammation, tissue remodeling, wound healing, and immune regulation. They are highly phagocytic; express scavenging, mannose and galactose receptors; and produce ornithine and polyamines. The phenotypic profile of macrophages in many inflammatory contexts is poorly understood but is likely influenced by both lineage commitment and response to microenvironment. Our own observations in experimental atherosclerosis suggest lesional macrophages display a mixed profile of M1-M2 polarization (data not shown). Proliferating macrophages are, by definition, metabolically active and will likely differ from non-proliferating cells. Future studies will locate proliferating macrophages on the M1/M2 continuum.
Arguably, of all the questions generated by the recognition that local macrophage proliferation is important to atherosclerosis, none are more intriguing than those related to the role of monocytes. If local proliferation dominates macrophage accumulation in atherosclerosis, what are monocytes good for? For one, our data confirm that lesional macrophages are Ly-6C high monocyte-derived because circulating nonproliferating Ly-6C high monocytes infiltrate the lesion and differentiate to proliferating macrophages. The conclusion that macrophages self-renew was based on the observation that, in a parabiosis setting, macrophage chimerism is low. Interestingly, however, monocyte chimerism in the aorta and blood equilibrated shortly after establishment of parabiosis, which is consistent with studies showing that monocyte influx is continuous [84] . By implication, even though monocytes accumulate continuously, only a few of them differentiate to macrophages. This may explain why in some studies targeting and tracking monocyte influx in established atherosclerosis had little if any effect on lesion size [138] [139] [140] [141] [142] . As for the rest of the accumulating monocytes, their fate is unclear, although it is likely that monocytes either succumb to apoptosis shortly after influx or exit the lesion altogether. If they exit, is the brief sojourn into the lesion consequential to atherosclerosis? More specifically, we might ask whether monocyte activity in the lesion is atheroprotective (removal of lipids from the vessel wall?), atherogenic (release of cytokines, activation of macrophages?), or both. Indeed, the relevance of leukocyte exit to the development and regression of atherosclerosis is a timely topic that requires further exploration [143] [144] [145] [146] .
As for Ly-6C low monocytes in atherosclerosis, their role remains even more uncertain than that of Ly-6C high monocytes. Nur77-deficient mice, which lack Ly-6C low monocytes, develop aggravated atherosclerosis [147, 148] . These observations have been challenged [149] , but nevertheless suggest that Ly-6C low monocytes are protective. As mentioned earlier, however, Ly-6C low monocytes enter tissue poorly and represent only a small fraction of infiltrating cells in atherosclerosis. Major questions moving forward, then, will be whether Ly-6C low monocytes indeed protect against atherosclerosis, or whether the effect of Nur77 is independent of Ly-6C low monocyte absence. If protection is Ly-6C low monocyte-dependent, does it occur in the circulation via monocytes' patrolling behavior or directly in the lesion?
Understanding the balance between monocyte influx and macrophage proliferation may also help clarify the role of inflammation in atherothrombosis, which is now being tested clinically [150, 151] . A possible therapeutic strategy may be to attenuate monocyte accumulation by targeting either monocyte production or the relevant chemokines that guide monocyte entry [152] . The problem with this approach is specificity. If monocytes participate importantly in immunity, inhibiting their production or migration will compromise the host's ability to respond to injury and infection. An alternative therapeutic strategy may be to target macrophage proliferation locally. The challenge here is different. In order to attenuate or augment local macrophage proliferation it will be necessary to target the lesion while sparing other sites. If the mechanisms promoting lesional macrophage proliferation are unique to the lesional microenvironment, then perhaps specificity can be achieved by exploiting the responsible molecular pathways. But if lesional macrophage proliferation mobilizes common molecular pathways, then other strategies, such as the delivery of lesion-tropic nanoparticles, will need to be considered. Beyond delivery, it will be important to consider whether events known to augment atherosclerosis, such as myocardial infarction [39] , warrant inhibiting monocyte entry or macrophage proliferation.
Concluding remarks
Cellular proliferation is a major mechanism by which HSPC give rise to monocytes. Monocytes produced in the bone marrow mobilize and enter the general circulation. During diseases such as atherosclerosis, these non-proliferating cells accumulate in the intima, differentiate to macrophages, and proliferate once again. In this respect, the monocyte lineage comes full circle: from proliferating progenitors to proliferating progeny. Our topo-ontogenic understanding of monocyte lineage has grown substantially since the discovery of monocytes in the 1920s, yet the nuances of leukocyte flux and differentiation are as fascinating as ever. 
